A convenient format for the detection of PCR amplified sequences is the hybridization of the PCR products to oligonucleotide probes which are immobilized on a solid phase. We describe a new method for site-specific attachment of such probe oligonucleotides to nylon membranes. The method is based on the formation of an amide bond between carboxyl groups present on the membranes and amino-linkers situated on the 5' end of the oligonucleotides. The covalent attachment is via a carbodilmide mediated condensation. The single, 5' end attachment of the oligonucleotides to the membrane surface leaves the probe free to interact with complementary sequences, thus increasing the hybridization efficiency relative to methods where heat or ultraviolet light is used for non-specific fixation. Using biotinylated PCR products in hybridization reactions along with a non-radioactive chemiluminescent detection system, high efficiency hybridization is obtained as well as a very good signal to noise ratio. The method has been applied successfully to the detection of RAS point mutations, cystic fibrosis deletion and point mutations and others. The sensitivity, simplicity and reproducibility of this method make it an ideal tool for the diagnosis of infectious and genetic diseases, as well as analysis of mutations in neoplasias, HLA typing and other areas.
INTRODUCTION
The polymerase chain reaction (PCR) technology (1) has found extensive application in many areas of the biological sciences. It has had a dramatic impact on the ability of investigators to analyze very small quantities of DNA or RNA, even single molecules (2) . Because of this sensitivity, analysis of large numbers of samples for research and diagnostic purposes in infectious diseases, genetic disorders, cancer etc., is now much easier. When the sample size is large, a convenient format for analysis is the 'dot blot', wherein the PCR products are bound to a filter membrane and hybridized with gene or allele specific probes. When one requires only a small number of probes, this method is quite satisfactory. However, if the number of probes is large, this method becomes cumbersome because each allele or gene requires a separate probing for the analysis of the PCR products. An alternative method called the reverse dot blot (3) alleviates some of these problems. In this case, the probe is bound to the filter while the PCR product is free in solution and hybridizes to the bound probe, hence the name, 'reverse dot blot'. Examples where this reverse format may be useful are provided by the cystic fibrosis (CF) locus and the RAS oncogenes. CF is one of the most common genetic diseases in Caucasian populations and more than 60 mutations have been found at this locus (4) . Transforming mutations of the RAS oncogenes are found quite frequently in cancers, and more than 60 probes are needed to detect the majority of the mutated variants (5) . Analyses of the CF or RAS mutants by conventional means is a difficult, complex and daunting task. However, with the reverse dot blot format a researcher can analyze all the mutations on one filter, with considerable savings in time and effort. Of course, the filters containing the immobilized array of probes must be prepared for this purpose, and in this article we describe a new method for attaching oligonucleotides to activated membranes. This technique will be suitable for both the research and the clinical diagnostics laboratory.
MATERIALS AND METHODS

Allele-Specific Oligonucleotide Synthesis and 5-Modification
Oligonucleotide syntheses were performed on a Milligen/ Biosearch Model 8750 DNA synthesizer using reagents and protocols obtained from the manufacturer. The terminal primary amino groups ('aminolinkers') were introduced during the final coupling step on the DNA synthesizer using N-trifluoroacetyl-6-aminohexyl-2-cyanoethyl N',N'-diisopropylphosphoramidite (6, 7) which was purchased from Milligen/Biosearch (Novato, CA). A hexaethylene glycol-based cyanoethyl diisopropyl phosphoramidite reagent (8) was used to introduce the 'spacer' groups during the penultimate coupling step on the machine (immediately prior to addition of the 5'-amino group). The combined length of the 'spacer' and 'aminolinker' would be approximately twentyeight A if the chain were fully extended (Fig. 1) .
The crude amino-labelled oligonucleotides were converted to their lithium salts by precipitation from 4M lithium chloride using five volumes of cold ethanol:acetone 1:1. The precipitates were pelleted by brief centrifugation (15 min, @ 4000G). The supernatants were decanted and discarded and the pelleted nucleic acid reconstituted in water and stored at -20°C. Oligonucleotides may be purified by PAGE and quantitated following elution from the gel by determination of the OD at 260 nm (9) . Neither the 'spacer' nor aminolinker contribute significantly to the absorbance at this wavelength.
Oligonucleotides conjugated to either biotin or horseradishperoxidase (HRP) were prepared as previously described (10) .
Oligonucleotide Immobilization Studies
The 5' amino-modified oligonucleotides were 3' end labelled with 35 S ddATP (Du Pont NEN, specific activity, 1240 Ci/mmol, 12.5 /iCi//tl). A 50 /xl reaction containing 50 pmoles oligonucleotides, 10 /A 35 S ddATP, 2 /tl TdT (terminal deoxyribonucleotidyl transferase, 12u//xl, Pharmacia), and 5 jtl of 10 x TdT buffer (1M potassium cacodylate/250 mM Tris-HC1/10 mM CoCl 2 /2 mM dithiothreitol pH 7.6) was incubated at 37°C for 60 min. For binding studies, the labelled oligonucleotides were mixed with unlabelled in a 1:50 ratio. The Biodyne C membranes (Pall Biosupport, NJ) were cut into a 96-well plate size and acidified by rinse a with 0.1 N HC1, then preactivated with EDC (l-Ethyl-3-(-Dimethylamino propyl) Carbodiimide hydrochloride). Various amounts of oligonucleotides were applied to preactivated membranes in sodium bicarbonate buffer (pH 8.4) for different lengths of time. The amount of immobilized oligonucleotides was calculated by the cpm as measured by Ambis-scan (Ambis Corp, San Diego).
DNA Isolation and PCR Amplification
For mutant N-RAS 12, genomic DNA was isolated by a saltingout method (11) from PA-1 cell line (12) which harbors an Nras exon I codon 12 G to A transition resulting in an amino acid substitution of glycine by aspartic acid. DNA (0.5 ng) was amplified for N-RAS exon I region in a 100 ^1 reaction volume containing 50 mM KC1, 10 mM Tris.HCl, 1.5 mM MgCl 2 , 0.2 mM each dATP, dCTP, dTTP and dGTP (Pharmacia), 30 pmol of each biotinylated amplification primer (13) and 2.5 units of Thermus aquaticus (Taq) DNA polymerase (Perkin-Elmer/Cetus). The reaction was performed in a thermal cycler (Perkin-Elmer/Cetus) using the cycle: denaturation at 95 °C for 30 sec, annealing at 55°C for 30 sec and extension at 72°C for 30 sec. After 35 cycles, the samples were incubated for additional 10 min at 72°C.
For detection of cystic fibrosis mutations, the biotinylated PCR product was amplified from a patient who had mutations in codons 508 and 557, and from a patient who was homozygous for the A 508 mutation (Kindly provided by R.K.Saiki). NaOH for 10 min. Finally, filters were rinsed with deionized water and air dried for storage or immediately used for hybridization (prehybridization is not necessary).
Biodyne B (Pall Biosupport, NJ) was used to immobilize poly T-tailed oligonucleotides. The methods of Poly T tailing (chemically synthesized or enzymatically tailed) and immobilization are essentially the same as described by R.K.Saiki et al. (3) .
Quenching of the preactivated membranes
Quenching reagents: 10-20% ethanolamine, 4 M hydroxylamine or 3 M glycine in sodium bicarbonate buffer, pH 9.5 and 0.5-1% casein (Sigma) in TBS buffer and 0.1 N NaOH were tested separately for their ability to block active groups. They were applied to the preactivated membranes for varying lengths of times prior to the oligonucleotide immobilization.
Hybridization and Non-radioactive Detection of the Amplified DNA Filters with immobilized oligonucleotides were placed in a plastic tray or sealed in plastic bags and hybridized either with HRPlabelled complementary probes or with denatured (0.25N NaOH) biotinylated PCR products in 5 xSSPE/0.5% SDS (1 xSSPE = 180mM NaCl/lOmM NaH 2 PO 4 /lmM EDTA, pH 7.2) for 30 min at 4S°C (RAS and CF). The filters were washed in 3M TMAC1 (tetramethylamrnonium chloride) (14) at 50 °C for 15 min (RAS) or in 2xSSPE/0.1% SDS at 45°C (CF).
Filters with hybridized biotinylated products were incubated with 1-2 ml Streptavidin-HRP/ml (5mg/ml, Cetus) in 2 xSSPE/0.1 % SDS for 15 min, then washed in the same buffer for 10 min. Equal volumes of ECL Gene Detection reagents A+B (Amersham, IL) were applied to the filters for 1 min, and the filters were removed, exposed to Hyperfilm-ECL (Amersham, IL) or Kodak XRP film for few seconds or minutes.
RESULTS
The Choice of Solid Phase and Surface Chemistry
For solid phase type hybridizations, membranes are a suitable substrate. They are easy to handle, durable (nylon membrane) and convenient for both hybridization and detection procedures. The oligonucleotides are functionalized by introducing nucleophile groups at their 5' end during synthesis, such as amines or thiol groups which are reactive with derivatized surfaces. For the choice of membranes, it was desirable that the membranes have high density of anionic carboxyl groups to be reactive with amino-modified oligonucleotides. Of the negatively charged membranes that were tested, only LAM (Millipore, MA) and Biodyne C were able to bind the modified oligonucleotides. Further analysis indicated that oligonucleotides binding to IAM was predominately through hydroxyl groups using the manufacturers recommended conditions, whereas their binding to Biodyne C were specifically through their primary amines of the modified end. Hydroxyl and sulfhydryl modified oligonucleotides have shown only a very low level of non-specific binding. Thus, we chose Biodyne C for the ability of its carboxyl groups to react with the amino-linkers of the oligonucleotides through EDC activation. In addition, its weakly anionic property may contribute to the reduction of non-specific binding due to electrostatic interactions between the nucleic acids and the membranes. The chemical reactions are simple and straight forward and do not require the use of organic solvents.
Efficiency and Capacity of the Covalent Binding EDC activates carboxyls to form an O-acylurea. These intermediates in turn, can be attacked by amines to form amide bonds. The coupling efficiency depends upon the competition between hydrolysis and aminolysis of the O-acylurea. In principle, at least in liquid phase, both the amino-linker and the exocyclic amines of the bases can react with the activated carboxyl groups. However, the 5' primary amine is a stronger nucleophile than the aromatic amines on the bases. For our purpose, both reaction efficiency (speed) and selectivity (specific amino-linker attachment) are desirable.
The coupling efficiency was tested as a function of EDC concentration when the amount of oligonucleotides was kept constant and, as a function of oligonucleotide concentration when EDC concentration was constant at 2M. A covalent binding efficiency of 80-90% was achieved after 2 hours of immobilization. The percentage of end attachment of the aminolinker was calculated by the amount of binding of amino-modified oligonucleotides minus the amount of the binding of unmodified oligonucleotides (non specific binding) divided by the total amount of covalent binding. We obtained at various immobilization times about 90% specific end attachment. This is higher than was reported in a liquid phase reaction (14) .
The high percentage of end attachment implies that the immobilization capacity, which is determined solely by the density of functional groups on the membrane surface, has not been exceeded. With both a high capacity and efficient attachment it is much easier to immobilize a defined amount of oligonucleotide probe. Although we did not test the influence of spacers on coupling efficiency of the probes, any difference may not be of practical significance since the probes containing spacers hybridized more efficiently than those without as described later. Even though the binding efficiency of the probes was near 90% without a spacer, we are continuing to study coupling methods to further refine the method.
Quenching of the Covalent Binding Capacity
Non-specific binding through electrostatic, hydrophobic or chemical interactions can reduce the sensitivity of the assay system dramatically. The activated carboxyls are reactive to any nucleophile present in the solutions. After oligonucleotide immobilization, it is important to block any remaining preactivated sites prior to subsequent use, since nucleic acid probes can attach to the sites at a low, but significant level, even without an amino-linker.
Different quenching reagents were tested, including proteins (casein), bifunctional molecules containing a nucleophilic substituent (ethanolamine, hydroxylamine), amino acids (glycine), and 0. IN NaOH, which can hydrolyze all the remaining active esters without affecting the covalent bond between the oligonucleotide probes and the membranes. Membranes were preactivated with EDC and then quenched with different reagents for various amounts of time. Aminomodified oligonucleotides were applied to the quenched membranes to determine if they could still bind covalently. No binding of the probes was observed in membranes quenched by any of the reagents used. Hydroxylamine and 0. IN NaOH gave the maximum efficiency of quenching in the shortest time. We chose NaOH for its effectiveness and simplicity.
Efficiency of Hybridization and Sensitivity of Detection
The hybridization efficiency was studied using different amounts of membrane-immobilized oligonucleotides containing varying linker lengths. As Fig. 2 demonstrates, we were able to obtain a strong signal by immobilizing as little as 0.06 pmoles of oligonucleotide with one or two spacers, while oligonucleotides without spacers were 4-fold less efficient in hybridization. From this experiment it seems that the access of the target nucleic acid to the membrane-bound probes may depend on the presence and the length of a linker. This possibility was further investigated by a test in which a dilution series of a RAS mutant sequence was hybridized against complementary oligonucleotides with differing number of spacers (Fig. 3a) . The teratocarcinoma cell line PA-1 is heterozygous for an N-ras 12 mutation changing glycine to aspartic acid. Two pmoles of the oligonucleotides (asp = positive control for PA-1 mutation; gly = wild type) were used in this case. The PA-1 DNA was serially diluted with normal peripheral blood leucocyte (PBL) DNA such that the mutant sequence was represented from 50% to 0%. The diluted samples were PCR amplified and hybridized against the various probes. As shown in Fig. 3a as little as 2.5% of mutant DNA (=5% mutant cells) can be detected when the probes have spacers.
The covalent binding method was compared with the original poly T tail procedure (3). T tailing of oligonucleotides was done by both enzymatic reaction and chemical synthesis. The immobilization was done by UV crosslinking on Biodyne B membranes. As Fig. 3b & c shows, with enzymatic tailing, addition of 400 T's is necessary to approach the sensitivity comparable with the covalently immobilized probes without a spacer. When oligonucleotides containing 100 chemically synthesized T's were tested, only 10 to 20% mutant sequence can be detected or an amount similar to the usual dot blot protocol using 32 P labelled probe. With less than this, the signal approaches the background. The sensitivity of the test was also compared to the conventional dot blot format where the PCR products are immobilized to the membranes and hybridized to a 32 P or biotin labelled probe (data not shown). With a radioactive probe, 10 to 20% of the DNA has to be mutant for it to be detected. Using the non-radioactive probe with the ECL light emitting system, the sensitivity approximates the reverse dot blot method, but the background is considerably higher. In addition, we find that it is much easier to distinguish single base changes by the reverse dot blot method versus the conventional format. This might be because in the new format both probe and PCR product are free to interact as if in solution without steric constraints. With the probes covalently bound at the 5' ends, they should all hybridize with equal efficiency to the PCR products. In contrast, in the usual dot blot format, the PCR product is immobilized randomly so that all target sequences may not be available for hybridization. In addition the amount of PCR product applied to the filter in the conventional format is almost always variable, since the PCR reactions cannot be accurately controlled to synthesize the same amounts of target sequence. Thus, variable quantities of bound product can give variable hybridization signals, while the reverse format will be much more consistent with each spot containing a precise amount of probe.
Pooling of Oligonucleotides
The single, site-specific end attachment of the oligonucleotides has made attractive the idea of immobilizing several different probes on one dot. In theory all the probes should have equal probability of being bound, and they should all be freely available for hybridization. If probes are bound by UV or heat, they will be attached in random fashion to the filter and sometimes to each other, making it more difficult to determine consistent or optimal hybridization conditions. Pooling of oligonucleotides can be very useful in the diagnostic test setting where a large number of probes is required to detect many mutations that are present in low frequency. The CF and RAS loci are examples of this category; there are certain mutations present in high frequency in these systems, but most will be on the order of 1 % or less. The low frequency mutants can be pooled in one dot if only a yes/no type answer is required, and also by pooling, the size and the complexity of the test filters can be reduced.
To test the pooling scheme, various amounts of mutant specific probes were mixed with 10 to 20 pmoles of related sequences derived from separated exons or differing by only a single base. The probe mixtures were bound to filters and hybridized with complementary PCR products or oligonucleotides. As shown in Fig. 4 , there was no problem in identifying the proper sequence even mixed with a large excess of related or unrelated oligonucleotides. As seen, as little as 0.1 pmole of specific probe was sufficient to give a strong signal even in the presence of 10 pmoles of other probes. This shows that up to a 100 fold excess of a different sequence can be used for a pooled dot. In cases of many CF mutants, the yes/no type signals are perhaps easier to obtain since the probe sequence can be very different from one another. For a more stringent hybridization test, three RAS oligonucleotide probes were immobilized on one dot (Fig. 5) . These probes differ by only one base as they represent the possible sequence changes in codon 12 of N-RAS. As Fig. 5 shows, with this more stringent test, a mixture of three probes with only a single base mismatch among them, we were able to differentiate the single base changes in RAS point mutations. As shown, no difference in signal intensity is evident among the probes with or without a spacer group. This is because the amount of probe bound is sufficient to give a maximal or near maximal signal using the luminescent detection system. Compare this figure with the 0.5 and 1 pmole columns in fig. 2 ; both have negligible differences in signal intensity.
DISCUSSION
In this study we developed a new method of immobilizing oligonucleotide probes on nylon membranes through a covalent binding reaction. The reaction is chemically controlled coupling rather than random attachment in photochemical crosslinking (UV). The immobilization is site-specific, and the covalent bonds formed between the probes and the surface molecules of the membrane are very strong. The bound probes can withstand multiple stringent hybridizations and washing conditions, and the membranes can be reused after being stripped by boiling in a microwave oven. For the reverse dot blot format, all the bound probes on a filter should have approximately the same melting temperature (T m 's). Therefore, we have designed the probes with T m 's roughly within 2 centigrade degrees of each other. In the cases where discrimination of single-base changes are required, we used TMAC1 (15) in the washing buffer to minimize the differences among the probes caused by variations in the base composition of the oligonucleotides (RAS point mutation detection).
The sensitivity of the reverse dot blot method is very good, with less than 0.1 pmole oligonucleotide probe per spot sufficient to give a strong hybridization signal. At the same time the binding capacity per dot is high, with more than 50 pmoles required to saturate an area equivalent to the size of wells in any common 96 well dot blot apparatus. This high sensitivity in combination with high capacity of attachment allows one to bind several different probes on one dot without sacrificing detection capabilities. This will be useful in the clinical diagnostic setting where large scale screening is often necessary for detecting and analyzing infectious and genetic diseases or cancer. Another area where this new method has great potential is in the study of HLA Class II polymorphisms (16) . The HLA Class n loci are highly polymorphic, and classification of these polymorphisms is important in cases of organ transplantation, paternity, forensics and other areas. Normal serologic or dot blot typing is difficult because of scarcity of reagents and the presence of many alleles in the population. In summary, the modified dot blot procedure described here will greatly facilitate the analysis of these and other loci.
